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Understand the historical perspective of the development of the
cell theory.
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4.1 The Cell Theory
The concept of a cell is one of the most important ideas in
biology because it applies to all living things. It did not
emerge all at once, but has been developed and modified
over many years. It is still being modified today.
Several individuals made key contributions to the cell
concept. Anton van Leeuwenhoek (1632–1723) was one of the
first to make use of a microscope to examine biological specimens (How Science Works 4.1). When van Leeuwenhoek
discovered that he could see things moving
in pond water using his microscope, his
curiosity stimulated him to look at a variety
of other things. He studied blood, semen,
feces, pepper, and tartar, for example. He
was the first to see individual cells and recognize them as living units, but he did not
call them cells. The name he gave to these
“little animals” that he saw moving around
in the pond water was animalcules.
The first person to use the term cell was
Robert Hooke (1635–1703) of England, who
was also interested in how things looked
when magnified. He chose to study thin
(a)
slices of cork from the bark of a cork oak
tree. He saw a mass of cubicles fitting neatly
together, which reminded him of the barren
rooms in a monastery. Hence, he called
them cells. As it is currently used, the term
cell refers to the basic structural unit that
makes up all living things. When Hooke
looked at cork, the tiny boxes he saw were,
in fact, only the cell walls that surrounded
the living portions of plant cells. We now
know that the cell wall is composed of the
complex carbohydrate cellulose, which provides strength and protection to the living
contents of the cell. The cell wall appears to
be a rigid, solid layer of material, but in reality it is composed of many interwoven
Cell wall
strands of cellulose molecules. Its structure
allows certain very large molecules to pass
(c)
through it readily, but it acts as a screen to
other molecules.
Hooke’s use of the term cell in 1666 in his publication
Micrographia was only the beginning, for nearly 200 years
passed before it was generally recognized that all living
things are made of cells and that these cells can reproduce
themselves. In 1838, Mathias Jakob Schleiden stated that all
plants are made up of smaller cellular units. In 1839, Theodor
Schwann published the idea that all animals are composed
of cells.
Soon after the term cell caught on, it was recognized
that the cell’s vitally important portion is inside the cell wall.
This living material was termed protoplasm, which means
first-formed substance. The term protoplasm allowed scien-
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tists to distinguish between the living portion of the cell and
the nonliving cell wall. Very soon microscopists were able to
distinguish two different regions of protoplasm. One type of
protoplasm was more viscous and darker than the other. This
region, called the nucleus or core, appeared as a central body
within a more fluid material surrounding it. Cytoplasm (cyto =
cell; plasm = first-formed substance) is the name given to the
colloidal fluid portion of the protoplasm (figure 4.1).
Although the term protoplasm is seldom used today, the

(b)

Nucleus
Cytoplasm

Protoplasm

Figure 4.1
Cells—Basic Structure of Life
The cell concept has changed considerably over the last 300 years.
Robert Hooke’s idea of a cell (a) was based on his observation of
slices of cork (cell walls of the bark of the cork oak tree). Hooke
invented the compound microscope and illumination system shown
above (b), one of the best such microscopes of his time. One of the
first subcellular differentiations was to divide the protoplasm into
cytoplasm and nucleus as shown in this plant cell (c). We now know
that cells are much more complex than this; they are composed of
many kinds of subcellular structures, some components numbering
in the thousands.

Enger−Ross: Concepts in
Biology, Tenth Edition

60

Part 2

II. Cells Anatomy and
Action

4. Cell Structure and
Function

© The McGraw−Hill
Companies, 2002

Cells: Anatomy and Action

HOW SCIENCE WORKS 4.1

The Microscope
o view very small objects we
use a magnifying glass as a
way of extending our observational powers. A magnifying glass
is a lens that bends light in such a
way that the object appears larger
than it really is. Such a lens might
magnify objects 10 or even 50
times. Anton van Leeuwenhoek
(1632–1723), a Dutch drape and
clothing maker, was one of the
first individuals to carefully study
(a) Studying magnified cells
magnified cells (figure a). He made
very detailed sketches of the things
he viewed with his simple microscopes and communicated his findings to Robert Hooke and the
Royal Society of London. His work stimulated further investigation of magnification techniques and descriptions of cell structures. These first microscopes were developed in the early 1600s.
Compound microscopes (figure b), developed soon after the
simple microscopes, are able to increase magnification by bending light through a series of lenses. One lens, the objective lens,
magnifies a specimen that is further magnified by the second
lens, known as the ocular lens. With the modern technology of
producing lenses, the use of specific light waves, and the immersion of the objective lens in oil to collect more of the available
light, objects can be magnified 100 to 1,500 times. Microscopes
typically available for student use are compound light microscopes. The major restriction of magnification with a light microscope is the limited ability of the viewer to distinguish two very
close objects as two distinct things. The ability to separate two
objects is termed resolution or resolving power. Some people have
extremely good eyesight and are able to look at letters on a page
and recognize that they are separate objects; other persons see
the individual letters as “blurred together.” Their eyes have different resolving powers. We can enhance the resolving power of the
human eye by using lenses as in eyeglasses or microscopes. All
lens systems, whether in the eye or in microscopes, have a limited
resolving power.
If two structures in a cell are very close to each other, you
may not be able to determine that there are actually two structures rather than one. The limits of resolution of a light microscope are related to the wavelengths of the light being
transmitted through the specimen. If you could see ultraviolet
light waves, which have shorter wavelengths, it would be possible
to resolve more individual structures.
An electron microscope (figure c) makes use of this principle: the moving electrons have much shorter wavelengths than
visible light. Thus, they are able to magnify 200,000 times and still
resolve individual structures. The difficulty is, of course, that you

T
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Body
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Arm
Objective lens (4)
Mechanical stage
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Fine adjustment knob
Stage adjustment
Stage
Condenser and
iris diaphragm
Illuminator lamp
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(b) Compound microscope

are unable to see electrons with your eyes. Therefore, in an electron microscope, the electrons strike a photographic film or television monitor, and this “picture” shows the individual structures.
Heavy metals scattered on the structures to be viewed increase
the contrast between areas where there are structures that interfere with the transmission of
the electrons and areas where
the electrons are transmitted
easily. The techniques for
preparing the material to be
viewed—slicing the specimen
very thinly and focusing the
electron beam on the specimen—make electron
microscopy an art as well as a
science.
Most recently the laser
feedback and tunneling microscopes and new techniques
enable researchers to visualize
previously unseen molecules
and even the surface of atoms
(c) Electron microscope
such as chlorine and sodium.
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term cytoplasm is still very common in the vocabulary of cell
biologists.
The development of better light microscopes and, ultimately even more powerful microscopes and staining techniques revealed that protoplasm contains many structures
called organelles (elle = little). It has been determined that
certain functions are performed in certain organelles. The
essential job an organelle does is related to its structure.
Each organelle is dynamic in its operation, changing shape
and size as it works. Organelles move throughout the cell,
and some even self-duplicate.
All living things are cells or composed of cells. To date,
most biologists recognize two major cell types, prokaryotes
and eukaryotes. Whether they are prokaryotic cells or
eukaryotic cells, they have certain things in common: (1) cell
membranes, (2) cytoplasm, (3) genetic material, (4) energy
currency, (5) enzymes and coenzymes. These are all necessary
in order to carry out life’s functions mentioned in chapter 1.
Should any of these not function properly, a cell would die.
The differences among cell types are found in the
details of their structure. While prokaryotic cells lack most
of the complex internal organelles typical of eukaryotes, they
are cells and can carry out life’s functions. To better understand and focus on the nature and differences among cell
types, biologists have further classified organisms into large
categories called domains. The following diagram illustrates
this level of organization:
Living Things

Cell Type
Eukaryotic

Cell Type
Prokaryotic

Domain
Eubacteria

Domain
Archaea

Domain
Eucarya

Example

Example

Example

Streptococcus
pneumoniae

Methanococcus
vannielii

Homo sapiens

Most single-celled organisms that we commonly refer to
as bacteria are prokaryotic cells and classified in the Domain
Eubacteria. Other less-well-known prokaryotes display significantly different traits that have caused biologists to create a
second category of prokaryotes, the Domain Archaea or the
Archaebacteria. All other living things are based on the
eukaryotic cell plan. Members of the kingdoms Protista
(algae and protozoa), Fungi, Plantae (plants), and Animalia
(animals) are all comprised of eukaryotic cells (figure 4.2).
Notice that viruses are not included in this classification system. That is because they are not cellular in nature.
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Viruses are not composed of the basic cellular structural
components. They are composed of a core of nucleic acid
(DNA or RNA, never both) and a surrounding coat or capsid composed of protein. For this reason, the viruses are
called acellular or noncellular.

4.2 Cell Membranes
One feature common to all cells and many of the organelles
they contain is a thin layer of material called membrane.
Membrane can be folded and twisted into many different
structures, shapes, and forms. The particular arrangement of
membrane of an organelle is related to the functions it is
capable of performing. This is similar to the way a piece of
fabric can be fashioned into a pair of pants, a shirt, sheets,
pillowcases, or a rag doll. All cellular membranes have a fundamental molecular structure that allows them to be fashioned into a variety of different organelles.
Cellular membranes are thin sheets composed primarily
of phospholipids and proteins. The current hypothesis of
how membranes are constructed is known as the fluidmosaic model, which proposes that the various molecules of
the membrane are able to flow and move about. The membrane maintains its form because of the physical interaction
of its molecules with its surroundings. The phospholipid
molecules of the membrane have one end (the glycerol portion) that is soluble in water and is therefore called hydrophilic (hydro = water; phile = loving). The other end that is
not water soluble, called hydrophobic (phobia = fear), is
comprised of fatty acids. We commonly represent this molecule as a balloon with two strings. The inflated balloon represents the glycerol and negatively charged phosphate; the
two strings represent the uncharged fatty acids. Consequently, when phospholipid molecules are placed in water,
they form a double-layered sheet, with the water soluble
(hydrophilic) portions of the molecules facing away from
each other. This is commonly referred to as a phospholipid
bilayer. If phospholipid molecules are shaken in a glass of
water, the molecules will automatically form double-layered
membranes. It is important to understand that the membrane formed is not rigid or stiff but resembles a heavy olive
oil in consistency. The component phospholipids are in constant motion as they move with the surrounding water molecules and slide past one another.
The protein component of cellular membranes can be
found on either surface of the membrane, or in the membrane
among the phospholipid molecules. Many of the protein molecules are capable of moving from one side to the other.
Some of these proteins help with the chemical activities of the
cell. Others aid in the movement of molecules across the membrane by forming channels through which substances may
travel or by acting as transport molecules (figure 4.3). In addition to phospholipids and proteins, some protein molecules
found on the outside surfaces of cellular membranes have
carbohydrates or fats attached to them. These combination
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branes. Some of these molecules also serve as attachment sites
for specific chemicals, bacteria, protozoa, white blood cells,
and viruses. Many dangerous agents cannot stick to the surface of cells and therefore cannot cause harm. For this reason
cell biologists explore the exact structure and function of
these molecules. They are also attempting to identify molecules that can interfere with the binding of such agents as
viruses and bacteria in the hope of controlling infections.
Other molecules found in cell membranes are cholesterol and carbohydrates. Cholesterol is found in the middle
of the membrane, in the hydrophobic region, because cholesterol is not water soluble. It appears to play a role in stabilizing the membrane and keeping it flexible. Carbohydrates are
usually found on the outside of the membrane, where they
are bound to proteins or lipids. They appear to play a role in
cell-to-cell interactions and are involved in binding with regulatory molecules.

(c)

Figure 4.2

4.3 Getting Through Membranes

Major Cell Types
There are two major types of cells, the prokaryotes and the
eukaryotes. Prokaryotic cells are represented by the (a) bacteria,
and eukaryotic cells by (b) plant and (c) animal cells.

If a cell is to stay alive it must meet the characteristics of life
outlined in chapter 1. This includes taking nutrients in and
eliminating wastes and other by-products of metabolism.
Several mechanisms allow cells to carry out the processes
characteristic of life. They include diffusion, osmosis, dialysis, facilitated diffusion, active transport, and phagocytosis.

molecules are important in determining the “sidedness”
(inside–outside) of the membrane and also help organisms
recognize differences among types of cells. Your body can
recognize disease-causing organisms because their surface
proteins are different from those of its own cellular mem-

Diffusion
There is a natural tendency in gases and liquids for molecules of different types to completely mix with each other.
This is because they are moving constantly. Their movement
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Phospholipids

Membrane Structures of a Generalized Animal Cell
Notice in this section of a generalized human cell that there is no surrounding cell wall as pictured in Hooke’s cell, figure 4.1. Membranes in all cells are composed of protein and
phospholipids. Two layers of phospholipid are oriented so that the hydrophobic fatty ends extend toward each other and the hydrophilic glycerol portions are on the outside. The
phosphate-containing chain of the phospholipid is coiled near the glycerol portion. Buried within the phospholipid layer and/or floating on it are the globular proteins. Some of these
proteins accumulate materials from outside the cell; others act as sites of chemical activity. Carbohydrates are often attached to one surface of the membrane.
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is random and is due to the energy found in the individual
molecules. Consider two types of molecules. As the molecules of one type move about, they tend to scatter from a
central location. The other type of molecule also tends to
disperse. The result of this random motion is that the two
types of molecules are eventually mixed.
Remember that the motion of the molecules is completely random. They do not move because of conscious
thought—they move because of their kinetic energy. If you
follow the paths of molecules from a sugar cube placed in a
glass of water, you will find that some of the sugar molecules
move away from the cube, whereas others move in the opposite direction. However, more sugar molecules would move
away from the original cube because there are more molecules there to start with.
We generally are not interested in the individual movement but rather in the overall movement. This overall movement is termed net movement. It is the movement in one
direction minus the movement in the opposite direction. The
direction of greatest movement (net movement) is determined by the relative concentration of the molecules. Diffusion is the resultant movement; it is defined as the net
movement of a kind of molecule from a place where that
molecule is in higher concentration to a place where that
molecule is more scarce. When a kind of molecule is completely dispersed, and movement is equal in all directions, we
say that the system has reached a state of dynamic equilibrium. There is no longer a net movement because movement
in one direction equals movement in the other. It is dynamic,
however, because the system still has energy, and the molecules are still moving.
Because the cell membrane is composed of phospholipid and protein molecules that are in constant motion, temporary openings are formed that allow small molecules to
cross from one side of the membrane to the other. Molecules
close to the membrane are in constant motion as well. They
are able to move into and out of a cell by passing through
these openings in the membrane.
The rate of diffusion is related to the kinetic energy and
size of the molecules. Because diffusion only occurs when
molecules are unevenly distributed, the relative concentration of the molecules is important in determining how fast
diffusion occurs. The difference in concentration of the molecules is known as a concentration gradient or diffusion gradient. When the molecules are equally distributed, no such
gradient exists (figure 4.4).
Diffusion can take place only as long as there are no
barriers to the free movement of molecules. In the case of a
cell, the membrane permits some molecules to pass through,
whereas others are not allowed to pass or are allowed to
pass more slowly. Whether a molecule is able to pass
through the membrane also depends on its size, electric
charge, and solubility in the phospholipid membrane. The
membrane does not, however, distinguish direction of movement of molecules; therefore, the membrane does not influence the direction of diffusion. The direction of diffusion is

Figure 4.4
The Concentration Gradient
Gradual changes in concentrations of molecules over distance are
called concentration gradients. This bar shows a color gradient of
molecules with full color (concentrated molecules) at one end and
no color (few molecules) at the other end. A concentration gradient
is necessary for diffusion to occur. Diffusion results in net movement
of molecules from an area of higher concentration to an area of
lower concentration.

(a)

(b)

Figure 4.5
Diffusion
As a result of molecular motion, molecules move from areas where
they are concentrated to areas where they are less concentrated.
This figure shows (a) molecules leaving an animal cell by diffusion
and (b) molecules entering a cell by diffusion. The direction is
controlled by concentration (always high-to-low concentration),
and the energy necessary is supplied by the kinetic energy of the
molecules themselves.

determined by the relative concentration of specific molecules on the two sides of the membrane, and the energy that
causes diffusion to occur is supplied by the kinetic energy of
the molecules themselves (figure 4.5).
Diffusion is an important means by which materials are
exchanged between a cell and its environment. Because the
movement of the molecules is random, the cell has little control over the process; thus, diffusion is considered a passive
process, that is, chemical-bond energy does not have to be
expended. For example, animals are constantly using oxygen
in various chemical reactions. Consequently, the oxygen concentration in cells always remains low. The cells, then, contain a lower concentration of oxygen than the oxygen level
outside the cells. This creates a diffusion gradient, and the
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oxygen molecules diffuse from the outside of the cell to the
inside of the cell.
In large animals, many cells are buried deep within the
body; if it were not for the animals’ circulatory systems, cells
would have little opportunity to exchange gases directly with
their surroundings. The circulatory system is a transportation system within a body composed of blood vessels of various sizes. These vessels carry many different molecules from
one place to another. Oxygen may diffuse into blood
through the membranes of the lungs, gills, or other moist
surfaces of the animal’s body. The circulatory system then
transports the oxygen-rich blood throughout the body. The
oxygen automatically diffuses into cells. This occurs because
the insides of cells are always low in oxygen inasmuch as the
oxygen combines with other molecules as soon as it enters.
The opposite is true of carbon dioxide. Animal cells constantly produce carbon dioxide as a waste product and so
there is always a high concentration of it within the cells.
These molecules diffuse from the cells into the blood, where
the concentration of carbon dioxide is kept constantly low
because the blood is pumped to the moist surface (gills,
lungs, etc.) and the carbon dioxide again diffuses into the
surrounding environment. In a similar manner, many other
types of molecules constantly enter and leave cells.

Dialysis and Osmosis
Another characteristic of all membranes is that they are selectively permeable. Selectively permeable means that a membrane will allow certain molecules to pass across it and will
prevent others from doing so. Molecules that are able to dissolve in phospholipids, such as vitamins A and D, can pass
through the membrane rather easily; however, many molecules cannot pass through at all. In certain cases, the membrane differentiates on the basis of molecular size; that is, the
membrane allows small molecules, such as water, to pass
through and prevents the passage of larger molecules. The
membrane may also regulate the passage of ions. If a particular portion of the membrane has a large number of positive
ions on its surface, positively charged ions in the environment
will be repelled and prevented from crossing the membrane.
We make use of diffusion across a selectively permeable membrane when we use a dialysis machine to remove
wastes from the blood. If a kidney is unable to function normally, blood from a patient is diverted to a series of tubes
composed of selectively permeable membranes. The toxins
that have concentrated in the blood diffuse into the surrounding fluids in the dialysis machine, and the cleansed
blood is returned to the patient. Thus the machine functions
in place of the kidney.
Water molecules easily diffuse through cell membranes.
The net movement (diffusion) of water molecules through a
selectively permeable membrane is known as osmosis. In any
osmotic situation, there must be a selectively permeable
membrane separating two solutions. For example, a solution
of 90% water and 10% sugar separated by a selectively per-

Cell Structure and Function

65

meable membrane from a different sugar solution, such as
one of 80% water and 20% sugar, demonstrates osmosis.
The membrane allows water molecules to pass freely but
prevents the larger sugar molecules from crossing. There is a
higher concentration of water molecules in one solution
compared to the concentration of water molecules in the
other, so more of the water molecules move from the solution with 90% water to the other solution with 80% water.
Be sure that you recognize that osmosis is really diffusion in
which the diffusing substance is water, and that the regions
of different concentrations are separated by a membrane that
is more permeable to water.
A proper amount of water is required if a cell is to
function efficiently. Too much water in a cell may dilute the
cell contents and interfere with the chemical reactions necessary to keep the cell alive. Too little water in the cell may
result in a buildup of poisonous waste products. As with the
diffusion of other molecules, osmosis is a passive process
because the cell has no control over the diffusion of water
molecules. This means that the cell can remain in balance
with an environment only if that environment does not cause
the cell to lose or gain too much water.
If cells contain a concentration of water and dissolved
materials equal to that of their surroundings, the cells are said
to be isotonic to their surroundings. For example, the ocean
contains many kinds of dissolved salts. Organisms such as
sponges, jellyfishes, and protozoa are isotonic because the
amount of material dissolved in their cellular water is equal
to the amount of salt dissolved in the ocean’s water.
If an organism is going to survive in an environment
that has a different concentration of water than does its cells,
it must expend energy to maintain this difference. Organisms
that live in freshwater have a lower concentration of water
(higher concentration of dissolved materials) than their surroundings and tend to gain water by osmosis very rapidly.
They are said to be hypertonic to their surroundings, and the
surroundings are hypotonic. These two terms are always used
to compare two different solutions. The hypertonic solution
is the one with more dissolved material and less water; the
hypotonic solution has less dissolved material and more
water. It may help to remember that the water goes where the
salt is (table 4.1). Organisms whose cells gain water by osmosis must expend energy to eliminate any excess if they are to
keep from swelling and bursting (figure 4.6).
Under normal conditions, when we drink small
amounts of water the cells of the brain swell a little, and signals are sent to the kidneys to rid the body of excess water.
By contrast, marathon runners may drink large quantities of
water in a very short time following a race. This rapid addition of water to the body may cause abnormal swelling of
brain cells because the excess water cannot be gotten rid of
rapidly enough. If this happens, the person may lose consciousness or even die because the brain cells have swollen
too much.
Plant cells also experience osmosis. If the water concentration outside the plant cell is higher than the water
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Table 4.1
THE EFFECTS OF OSMOSIS ON DIFFERENT CELL TYPES
What Happens When Cell Is
Placed in Hypotonic Solution

What Happens When Cell Is
Placed in Hypertonic Solution

With cell wall; e.g., bacteria, fungi
cell walls

Swells; does not burst because of the presence of protective cell wall. Cells will
become swollen (turgid) under these
conditions.

Shrinks; cell membrane pulls away from
inside of cell wall and forms compressed mass of protoplasm, a process
known as plasmolysis. Cells will shrink
under these conditions. Placing cells in
salt water causes certain types of bacterial cells to tear their cell membranes
away from the cell wall and results in
their death.

Without cell wall; e.g., human

Swells and may burst, a process called
hemolysis. Red blood cells will hemolyze
under these conditions.

Shrinks into compact mass, a process
known as crenation.

Cell Type

(a) Isotonic

(b) Cell in hypertonic solution

(c) Cell in hypotonic solution

Figure 4.6
Osmotic Influences on Cells
The cells in these three photographs were subjected to three different environments. (a) The cell is isotonic to its surroundings. The water
concentration inside the red blood cell and the water concentration in the environment are in balance with each other, so movement of water
into the cell equals movement of water out of the cell, and the cell has its normal shape. (b) The cell is in a hypertonic solution. Water has
diffused from the cell to the environment because a high concentration of water was in the cell and the cell has shrunk. (c) A cell has
accumulated water from the environment because a higher concentration of water was outside the cell than in its protoplasm. The cell is
in a hypotonic solution so it is swollen.

concentration inside, more water molecules enter the cell
than leave. This creates internal pressure within the cell.
But plant cells do not burst because they are surrounded by
a rigid cell wall. Lettuce cells that are crisp are ones that
have gained water so that there is high internal pressure.
Wilted lettuce has lost some of its water to its surroundings
so that it has only slight internal cellular water pressure.
Osmosis occurs when you put salad dressing on a salad.
Because the dressing has a very low water concentration,

water from the lettuce diffuses from the cells into the surroundings. Salad that has been “dressed” too long becomes
limp and unappetizing.
So far, we have considered only situations in which
cells have no control over the movement of molecules. Cells
cannot rely solely on diffusion and osmosis, however,
because many of the molecules they require either cannot
pass through the cell membranes or occur in relatively low
concentrations in the cells’ surroundings.
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Controlled Methods of Transporting Molecules
Some molecules move across the membrane by combining
with specific carrier proteins. When the rate of diffusion of a
substance is increased in the presence of a carrier, we call
this facilitated diffusion. Because this is diffusion, the net
direction of movement is in accordance with the concentration gradient. Therefore, this is considered a passive transport method, although it can only occur in living organisms
with the necessary carrier proteins. One example of facilitated diffusion is the movement of glucose molecules across
the membranes of certain cells. In order for the glucose molecules to pass into these cells, specific proteins are required
to carry them across the membrane. The action of the carrier
does not require an input of energy other than the kinetic
energy of the molecules (figure 4.7).
When molecules are moved across the membrane from
an area of low concentration to an area of high concentration, the cell must expend energy. The process of using a carrier protein to move molecules up a concentration gradient is
called active transport (figure 4.8). Active transport is very
specific: Only certain molecules or ions are able to be moved
in this way, and they must be carried by specific proteins in
the membrane. The action of the carrier requires an input of
energy other than the kinetic energy of the molecules; therefore, this process is termed active transport. For example,
some ions, such as sodium and potassium, are actively
pumped across cell membranes. Sodium ions are pumped out
of cells up a concentration gradient. Potassium ions are
pumped into cells up a concentration gradient.
In addition to active transport, materials can be transported into a cell by endocytosis and out by exocytosis.
Phagocytosis is another name for one kind of endocytosis
that is the process cells use to wrap membrane around a particle (usually food) and engulf it (figure 4.9). This is the
process leukocytes (white blood cells) use to surround invading bacteria, viruses, and other foreign materials. Because of
this, these kinds of cells are called phagocytes. When phagocytosis occurs, the material to be engulfed touches the surface
of the phagocyte and causes a portion of the outer cell membrane to be indented. The indented cell membrane is pinched
off inside the cell to form a sac containing the engulfed material. This sac, composed of a single membrane, is called
a vacuole. Once inside the cell, the membrane of the vacuole
is broken down, releasing its contents inside the cell, or it
may combine with another vacuole containing destructive
enzymes.
Many types of cells use phagocytosis to acquire large
amounts of material from their environments. If a cell is not
surrounding a large quantity of material but is merely engulfing some molecules dissolved in water, the process is termed
pinocytosis. In this form of endocytosis, the sacs that are
formed are very small in comparison to those formed during
phagocytosis. Because of this size difference, they are called
vesicles. In fact, an electron microscope is needed in order to

Figure 4.7
Facilitated Diffusion
This method of transporting materials across membranes is a
diffusion process; i.e., a movement of molecules from a high to
a low concentration. However the process is helped (facilitated)
by a particular membrane protein. No chemical-bond energy in the
form of ATP is required for this process. The molecules being moved
through the membrane attach to a specific transport carrier protein
in the membrane. This causes a change in its shape that propels
the molecule or ion through to the other side.

see them. The processes of phagocytosis and pinocytosis differ
from active transport in that the cell surrounds large amounts
of material with a membrane rather than taking the material
in molecule by molecule through the membrane.
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4.4 Cell Size

ATP

ADP
+
P

Figure 4.8
Active Transport
One possible method whereby active transport could cause
materials to accumulate in a cell is illustrated here. Notice that
the concentration gradient is such that if simple diffusion were
operating, the molecules would leave the cell. The action of the
carrier protein requires an active input of energy (the compound
ATP) other than the kinetic energy of the molecules; therefore, this
process is termed active transport.

Microbe

Phagocytic vacuole

Lysosomes

Microbes are
killed and
digested

Phagocytic
vacuole fuses
with lysosomes

Figure 4.9
Phagocytosis
The sequence illustrates a cell engulfing a large number of microbes
at one time and surrounding it with a membrane. Once encased in
a portion of the cell membrane (now called a phagocytic vacuole)
a lysosome adds its digestive enzymes to it, which speeds the
breakdown of the dangerous microbes. Finally, the hydrolyzed
(digested) material moves from the vacuole to the inner surface
of the cell membrane where the contents are discharged
by exocytosis.

Cells vary greatly in size (figure 4.10). The size of a cell is
directly related to its level of activity and the rate that molecules move across its membranes. In order to stay alive, a
cell must have a constant supply of nutrients, oxygen, and
other molecules. It must also be able to get rid of carbon
dioxide and other waste products that are harmful to it. The
larger a cell becomes, the more difficult it is to satisfy these
requirements; consequently, most cells are very small. There
are a few exceptions to this general rule, but they are easily
explained. Egg cells, like the yolk of a hen’s egg, are very
large cells. However, the only part of an egg cell that is
metabolically active is a small spot on its surface. The central
portion of the egg is simply inactive stored food called yolk.
Similarly, some plant cells are very large but consist of a
large, centrally located region filled with water. Again, the
metabolically active portion of the cell is at the surface
(outer face), where exchange by diffusion or active transport
is possible.
There is a mathematical relationship between the surface
area and volume of a cell referred to as the surface area-tovolume ratio. As cells grow, the amount of surface area
increases by the square (X2) but volume increases by the cube
(X3). They do not increase at the same rate. The surface area
increases at a slower rate than the volume. Thus, the surface
area-to-volume ratio changes as the cell grows. As a cell gets
larger, cells have a problem with transporting materials across
the plasma membrane. For example, diffusion of molecules is quite rapid over a
short distance, but becomes slower over
a longer distance. If a cell were to get too
large, the center of the cell would die
because transport mechanisms such as
diffusion would not be rapid enough to
allow for the exchange of materials.
Exocytosis
When the surface area is not large
of debris
enough to permit sufficient exchange
between the cell volume and the outside
environment, cell growth stops. For
example, the endoplasmic reticulum of
eukaryotic cells provides an increase in
surface area for taking up or releasing
molecules. Cells lining the intestinal tract
of humans have fingerlike extensions that also help in solving
this problem.

4.5 Organelles Composed
of Membranes
Now that you have some background concerning the structure and the function of membranes, let’s turn our attention
to the way cells use membranes to build the structural components of their protoplasm. The outer boundary of the cell
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Figure 4.10
Comparative Sizes
Most cells are too small to be seen with the naked eye. Some type of mechanism is required to magnify them in order to make them visible.
Notice how much smaller, in general, prokaryotic cells are than eukaryotic cells. Also notice that most viruses are even smaller and require the
use of electron microscopes for viewing.

is termed the cell membrane or plasma membrane. It is associated with a great variety of metabolic activities including
taking up and releasing molecules, sensing stimuli in the
environment, recognizing other cell types, and attaching to
other cells and nonliving objects. In addition to the cell
membrane, many other organelles are composed of membranes. Each of these membranous organelles has a unique
shape or structure that is associated with particular functions. One of the most common organelles found in cells is
the endoplasmic reticulum.

The Endoplasmic Reticulum
The endoplasmic reticulum, or ER, is a set of folded membranes and tubes throughout the cell. This system of mem-

branes provides a large surface upon which chemical activities take place (figure 4.11). Because the ER has an enormous surface area, many chemical reactions can be carried
out in an extremely small space. Picture the vast surface area
of a piece of newspaper crumpled into a tight little ball. The
surface contains hundreds of thousands of tidbits of information in an orderly arrangement, yet it is packed into a
very small volume.
Proteins on the surface of the ER are actively involved
in controlling and encouraging chemical activities—whether
they are reactions involving growth and development of the
cell or those resulting in the accumulation of molecules from
the environment. The arrangement of the proteins allows them
to control the sequences of metabolic activities so that chemical reactions can be carried out very rapidly and accurately.
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Lysosomes

Endoplasmic reticulum

Vacuoles

Golgi body

Figure 4.11
Membranous Cytoplasmic Organelles
Certain structures in the cytoplasm are constructed of membranes. Membranes are composed of protein and phospholipids. The four
structures here—lysosomes, endoplasmic reticulum, vacuoles, and the Golgi body—are constructed of simple membranes.

On close examination with an electron microscope, it
becomes apparent that there are two different types of ER—
rough and smooth. The rough ER appears rough because it
has ribosomes attached to its surface. Ribosomes are nonmembranous organelles that are associated with the synthesis of
proteins from amino acids. They are “protein-manufacturing
machines.” Therefore, cells with an extensive amount of
rough ER—for example, your pancreas cells—are capable of
synthesizing large quantities of proteins. Smooth ER lacks
attached ribosomes but is the site of many other important
cellular chemical activities, including fat metabolism and
detoxification reactions that are involved in the destruction
of toxic substances such as alcohol and drugs. Your liver
cells contain extensive smooth ER.

In addition, the spaces between the folded membranes
serve as canals for the movement of molecules within the
cell. Some researchers suggest that this system of membranes
allows for rapid distribution of molecules within a cell. The
rough and smooth ER may also be connected to one another
and to the nuclear membrane.

The Golgi Apparatus
Another organelle composed of membrane is the Golgi apparatus. Even though this organelle is also composed of membrane, the way in which it is structured enables it to perform
jobs that are different from those performed by the ER. The
typical Golgi is composed of from 5 to 20 flattened, smooth,
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membranous sacs, which resemble a stack of pancakes. The
Golgi apparatus is the site of the synthesis and packaging of
certain molecules produced in the cell. It is also the place
where particular chemicals are concentrated prior to their
release from the cell or distribution within the cell. Some
Golgi vesicles are used to transport such molecules as mucus,
carbohydrates, glycoproteins, insulin, and enzymes to the
outside of the cell. The molecules are concentrated inside the
Golgi, and tiny vesicles are pinched or budded off the outside surfaces of the Golgi sacs. The vesicles move to and
merge with the endoplasmic reticulum or cell membrane.
In so doing, the contents are placed in the ER where they
can be utilized or transported from the cell. The Golgi is
also responsible for preparing individual molecules for
transport to the cell membrane so that they can be secreted
from the cell. This process is so important that if the Golgi
is damaged, new Golgi will be made from ER to accomplish this task.
An important group of molecules necessary to the cell
includes the hydrolytic enzymes. This group of enzymes is
capable of destroying carbohydrates, nucleic acids, proteins,
and lipids. Because cells contain large amounts of these molecules, these enzymes must be controlled in order to prevent
the destruction of the cell. The Golgi apparatus is the site
where these enzymes are converted from their inactive to
their active forms and packaged in membranous sacs. These
vesicles are pinched off from the outside surfaces of the Golgi
sacs and given the special name lysosomes, or “bursting
body.” The lysosomes are used by cells in four major ways:
1. When a cell is damaged, the membranes of the lysosomes break and the enzymes are released. These
enzymes then begin to break down the contents of the
damaged cell so that the component parts can be used
by surrounding cells.
2. Lysosomes also play a part in the normal development
of an organism. For example, as a tadpole slowly
changes into a frog, the cells of the tail are destroyed
by the action of lysosomes. In humans, the developing
embryo has paddle-shaped hands and feet. At a prescribed point in development, the cells between the
bones of the fingers and toes release the enzymes that
had been stored in the lysosomes. As these cells begin
to disintegrate, individual fingers or toes begin to take
shape. Occasionally this process does not take place,
and infants are born with “webbed” fingers or toes
(figure 4.12). This developmental defect, called syndactylism, may be surgically corrected soon after birth.
3. In many kinds of cells, the lysosomes are known to
combine with food vacuoles. When this occurs, the
enzymes of the lysosome break down the food particles
into smaller and smaller molecular units. This process is
common in one-celled organisms such as Paramecium.
4. Lysosomes are also used in the destruction of engulfed,
disease-causing microorganisms such as bacteria,
viruses, and fungi. As these invaders are taken into the
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Figure 4.12
Syndactylism
This person displays the trait known as syndactylism (syn =
connected; dactyl = finger or toe). In most people, enzymes break
down the connecting tissue, allowing the toes to separate. In this
genetic abnormality, these enzymes failed to do their job.

cell by phagocytosis, lysosomes fuse with the phagocytic vacuole. When this occurs, the hydrolytic enzymes
and proteins called defensins move from the lysosome
into the vacuole to destroy the microorganisms.
Another submicroscopic vesicle is the peroxisome. In
human cells, peroxisomes are responsible for producing
hydrogen peroxide, H2O2. The peroxisome enzymes are able
to manufacture H2O2 that is used in destroying invading
microbes. The activity of H2O2 is easily demonstrated by
mixing the enzyme catalase with H2O2. The enzyme converts
the hydrogen peroxide to water and oxygen which forms
bubbles. It is the O2 that is responsible for oxidizing potentially harmful microbes and other dangerous materials. Peroxisomes are also important because they contain enzymes
that are responsible for the breakdown of long-chain fatty
acids and the synthesis of cholesterol.
The many kinds of vacuoles and vesicles contained in
cells are frequently described by their function. Thus food
vacuoles hold food, and water vacuoles store water. Specialized water vacuoles called contractile vacuoles are able to
forcefully expel excess water that has accumulated in the
cytoplasm as a result of osmosis. The contractile vacuole is a
necessary organelle in cells that live in fresh water. The
water constantly diffuses into the cell because the environment contains a higher concentration than that inside the cell
and therefore water must be actively pumped out. The special containers that hold the contents resulting from pinocytosis are called pinocytic vesicles. In all cases, these simple
containers are constructed of a surrounding membrane. In
most plants, there is one huge, centrally located vacuole in
which water, food, wastes, and minerals are stored.
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The Nuclear Membrane
A nucleus is a place in a cell—not a solid mass.
Just as a room is a place created by walls, a
floor, and a ceiling, the nucleus is a place in
the cell created by the nuclear membrane. This
membrane separates the nucleoplasm, liquid
material in the nucleus, from the cytoplasm.
Because they are separated, the cytoplasm and
nucleoplasm can maintain different chemical
compositions. If the membrane was not
formed around the genetic material, the
organelle we call the nucleus would not exist.
The nuclear membrane is formed from many
flattened sacs fashioned into a hollow sphere
around the genetic material, DNA. It also has
large openings, called nuclear pores, which
allow thousands of relatively large molecules
such as RNA to pass into and out of the
nucleus each minute. These pores are held
open by donut-shaped molecules that resemble
the “eyes” in shoes through which the
shoelace is strung.

Nucleus

Golgi apparatus
Nuclear membrane

Endoplasmic reticulum (ER)
Lysosome

Fixed
ribosome

Cell
membrane

Energy Converters
All of the membranous organelles just described can be converted from one form to another (figure 4.13). For example,
phagocytosis results in the formation of vacuolar membrane
from cell membrane that fuses with lysosomal membrane,
which in turn came from Golgi membrane. Two other
organelles composed of membranes are chemically different
and are incapable of interconversion. Both types of organelles
are associated with energy conversion reactions in the cell.
These organelles are the mitochondrion and the chloroplast
(figure 4.14).
The mitochondrion is an organelle resembling a small
bag with a larger bag inside that is folded back on itself.
These inner folded surfaces are known as the cristae.
Located on the surface of the cristae are particular proteins
and enzymes involved in aerobic cellular respiration. Aerobic
cellular respiration is the series of reactions involved in the
release of usable energy from food molecules, which requires
the participation of oxygen molecules. Enzymes that speed
the breakdown of simple nutrients are arranged in a sequence
on the mitochondrial membrane. The average human cell
contains upwards of 10,000 mitochondria. Cells involved in
activities that require large amounts of energy, such as muscle cells, contain many more mitochondria. When properly
stained, they can be seen with a compound light microscope.
When cells are functioning aerobically, the mitochondria
swell with activity. But when this activity diminishes, they
shrink and appear as threadlike structures.
A second energy-converting organelle is the chloroplast. This membranous, saclike organelle contains the green
pigment chlorophyll and is only found in plants and other

Phagocytic
vacuole

Pinocytotic
vesicle

Figure 4.13
Interconversion of Membranous Organelles
Eukaryotic cells contain a variety of organelles composed of
phospholipids and proteins. Each has a unique shape and function.
Many of these organelles are interconverted from one to another as
they perform their essential functions. Cell membranes can become
vacuolar membrane or endoplasmic reticulum, which can become
vesicular membrane, which in turn can become Golgi or nuclear
membrane. However, mitochondria cannot exchange membrane
parts with other membranous organelles.

eukaryotic organisms that carry out photosynthesis. Some
cells contain only one large chloroplast; others contain hundreds of smaller chloroplasts. In this organelle light energy is
converted to chemical-bond energy in a process known as
photosynthesis. Chemical-bond energy is found in food molecules. A study of the ultrastructure—that is, the structures
seen with an electron microscope—of a chloroplast shows
that the entire organelle is enclosed by a membrane, whereas
other membranes are folded and interwoven throughout. As
shown in figure 4.14a, in some areas concentrations of these
membranes are stacked up or folded back on themselves.
Chlorophyll molecules are attached to these membranes.
These areas of concentrated chlorophyll are called thylakoid
membranes stacked up to form the grana of the chloroplast.
The space between the grana, which has no chlorophyll, is
known as the stroma.
Mitochondria and chloroplasts are different from other
kinds of membranous structures in several ways. First, their
membranes are chemically different from those of other
membranous organelles; second, they are composed of double layers of membrane—an inner and an outer membrane;
third, both of these structures have ribosomes and DNA that
are similar to those of bacteria; and fourth, these two structures have a certain degree of independence from the rest of
the cell—they have a limited ability to reproduce themselves
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Figure 4.14
Energy-Converting Organelles
(a) The chloroplast, the container of the pigment chlorophyll, is the site of photosynthesis. The chlorophyll, located in the grana, captures light
energy that is used to construct organic, sugarlike molecules in the stroma. (b) The mitochondria with their inner folds, called cristae, are the
site of aerobic cellular respiration, where food energy is converted to usable cellular energy. Both organelles are composed of phospholipid
and protein membranes.

but must rely on nuclear DNA for assistance. The functions
of these two organelles are discussed in chapter 6.
All of the organelles just described are composed of
membranes. Many of these membranes are modified for
particular functions. Each membrane is composed of the
double phospholipid layer with protein molecules associated with it.

4.6 Nonmembranous Organelles
Suspended in the cytoplasm and associated with the membranous organelles are various kinds of structures that are
not composed of phospholipids and proteins arranged in
sheets.
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Figure 4.16

Figure 4.15
Ribosomes
Each ribosome is constructed of two subunits of protein and
ribonucleic acid. These globular organelles are associated with the
construction of protein molecules from individual amino acids. They
are sometimes located individually in the cytoplasm where protein is
being assembled, or they may be attached to endoplasmic reticulum
(ER). They are so obvious on the ER when using electron micrograph
techniques that, when they are present, we label this ER rough ER.

Ribosomes
In the cytoplasm are many very small structures called ribosomes that are composed of ribonucleic acid (RNA) and
34 proteins. Ribosomes function in the manufacture of protein.
Each ribosome is composed of two oddly shaped subunits—a
large one and a small one. The larger of the two subunits is
composed of a specific type of RNA associated with several
kinds of protein molecules. The smaller is composed of RNA
with fewer protein molecules than the large one. These globular organelles are involved in the assembly of proteins from
amino acids—they are frequently associated with the endoplasmic reticulum to form rough ER. Areas of rough ER
have been demonstrated to be active sites of protein production. Cells actively producing nonprotein materials, such as
lipids, are likely to contain more smooth ER than rough ER.
Many ribosomes are also found floating freely in the cytoplasm (figure 4.15) wherever proteins are being assembled.
Cells that are actively producing protein (e.g., liver cells)
have great numbers of free and attached ribosomes. The
details of how ribosomes function in protein synthesis are
discussed in chapter 7.

Microtubules, Microfilaments, and Intermediate Filaments
(a) Microtubules are hollow tubes constructed of the protein spheres
called tubulin. The dynamic nature of the microtubule is useful in the
construction of certain organelles in a cell, such as centrioles, spindle
fibers, and cilia or flagella. (b) Microfilaments are composed of the
contractile protein, actin. This is the same contractile protein found
in human muscle cells. (c) Intermediate filaments are also protein but
resemble a multistranded wire cable. These link microtubules and
microfilaments.

Microtubules, Microfilaments,
and Intermediate Filaments
The interior of a cell is not simply filled with liquid cytoplasm.
Among the many types of nonmembranous organelles found
there are elongated protein structures know as microtubules,
microfilaments, and intermediate filaments (figure 4.16).
Their various functions are as complex as those provided by
the structural framework and cables of a high-rise office
building, geodesic dome (e.g., as seen at Epcot Center, FL),
or skeletal and muscular systems of a large animal. All three
types of organelles interconnect and some are attached to the
inside of the cell membrane forming what is known as the
cytoskeleton of the cell (figure 4.17). These cellular components provide the cell with shape, support, and the ability to
move about the environment.
The cytoskeleton also serves to transport materials
from place to place within the cytoplasm. Think of the
cytoskeleton components as the internal supports and cables
required to construct a circus tent. The shape of the flexible
canvas cover (i.e., cell membrane) is determined by the location of internal tent poles (i.e., microtubules) and the tension
placed on them by attached wire or rope cables (i.e., contractile microfilaments). The poles are made light and strong by
being tubular (tubulin protein) and are attached to the inner
surface of the canvas cover at specific points. The comparable
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Figure 4.17
The Cytoskeleton
A complex array of microfilaments, microtubules, and intermediate filaments provides an internal framework structure for the cell. The cellular
skeleton is not a rigid, fixed-in-place structure, but is dynamic and changes as the microfilament and microtubule component parts assemble
and disassemble. (a) Elements of the cytoskeleton have been labeled with a fluorescent dye to make them visible. The microtubules have
fluorescent red dye and actin filaments are green. Part (b) shows how the various parts of the cytoskeleton are interconnected.

cell membrane attachment points for microtubules are cell
membrane molecules known as integrins. The reason the poles
stay in place is because of their attachment to the canvas and
the tension placed on them by the cables. As the cables are
adjusted, the shape of the canvas (i.e., cell) changes. The
intermediate filaments serve as cables that connect microfilaments and microtubules, thus providing additional strength
and support. Just as in the tent analogy, when one of the
microfilaments or intermediate filaments is adjusted, the
shape of the entire cell changes. For example, when a cell is
placed on a surface to which it cannot stick, the internal
tensions created by the cytoskeleton components can pull
together and cause the cell to form a sphere. A cell’s
cytoskeleton also changes shape dramatically when a cell
divides. It constricts, pulling the cell together in the middle
and allowing the membrane to be sealed between the two
new daughter cells.
Just as internal changes in tension can cause change,
changes in the external environment can cause the cell to
change. When forces are exerted on the outside of the cell,
internal tensions shift causing physical and biochemical
activity. For example, as cell tension changes, some microtubules begin to elongate and others begin to shorten. This
can result in overall movement of the cell. Cells that remain

flat appear to divide more frequently, cells prevented from
flattening commit suicide more often, and those that are neither too flat nor spherical neither divide nor die. Enzymes
attached to the cytoskeleton are activated when the cell is
touched. Some of these events even affect gene activity.

Centrioles
An arrangement of two sets of microtubules at right angles
to each other makes up a structure known as the centriole.
The centrioles of many cells are located in a region known
as the centrosome. The centrosome is usually located close
to the nuclear membrane. Centrioles operate by organizing
microtubules into a complex of strings called spindle fibers.
The spindle is the structure upon which chromosomes are
attached so that they may be properly separated during cell
division. Each set is composed of nine groups of short
microtubules arranged in a cylinder (figure 4.18). The functions of centrioles and spindle fibers in cell division are
referred to again in chapter 8. One curious fact about centrioles is that they are present in most animal cells but not
in many types of plant cells. Other structures called basal
bodies resemble centrioles and are located at the base of
cilia and flagella.
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Cell membrane

Centriole

Figure 4.18
The Centriole
These two sets of short microtubules are located just outside the nuclear membrane in many types of cells. The micrograph shows an end
view of one of these sets. Magnification is about 160,000 times.

Cilia and Flagella
Many cells have microscopic, hairlike structures projecting
from their surfaces; these are cilia or flagella (figure 4.19). In
general, we call them flagella if they are long and few in
number, and cilia if they are short and more numerous. They
are similar in structure, and each functions to move the cell
through its environment or to move the environment past
the cell. They are constructed of a cylinder of nine sets of
microtubules similar to those in the centriole, but they have
an additional two microtubules in the center. These long
strands of microtubules project from the cell surface and are
covered by cell membrane. When cilia and flagella are sliced
crosswise, their cut ends show what is referred to as the 9 + 2
arrangement of microtubules. The cell has the ability to control the action of these microtubular structures, enabling
them to be moved in a variety of different ways. Their coor-

dinated actions either propel the cell through the environment or the environment past the cell surface. The protozoan
Paramecium is covered with thousands of cilia that actively
beat a rhythmic motion to move the cell through the water.
The cilia on the cells that line your trachea move mucouscontaining particles from deep within your lungs.

Inclusions
Inclusions are collections of materials that do not have as
well defined a structure as the organelles we have discussed
so far. They might be concentrations of stored materials,
such as starch grains, sulfur, or oil droplets, or they might be
a collection of miscellaneous materials known as granules.
Unlike organelles, which are essential to the survival of a
cell, the inclusions are generally only temporary sites for the
storage of nutrients and wastes.
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Figure 4.19
Eukaryotic and Prokaryotic Cilia and Flagella
(a) These two structures function like oars or
propellers that move the cell through its
environment or move the environment past the
cell. Cilia and flagella are constructed of groups
of microtubules as in the ciliated protozoan
shown on the left and the flagellated alga on the
right. Flagella are usually less numerous and
longer than cilia. (b) The flagella of prokaryotes
are composed of a single type of protein
arranged in a fiber that is anchored into the cell
wall and membrane. Bacterial flagella move the
cell by rotating.
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Some inclusion materials may be harmful to other cells.
For example, rhubarb leaf cells contain an inclusion composed of oxalic acid, an organic acid. Needle-shaped crystals
of calcium oxalate can cause injury to the kidneys of an
organism that eats rhubarb leaves. The sour taste of this particular compound aids in the survival of the rhubarb plant
by discouraging animals from eating it. Similarly, certain
bacteria store in their inclusions crystals of a substance
known to be harmful to insects. Spraying plants with these
bacteria is a biological method of controlling the population
of the insect pests, while not interfering with the plant or
with humans.
In the past, cell structures such as ribosomes, mitochondria, and chloroplasts were also called granules because
their structure and function were not clearly known. As scientists learn more about inclusions and other unidentified
particles in the cells, they too will be named and more fully
described.

4.7 Nuclear Components
As stated at the beginning of this chapter, one of the first
structures to be identified in cells was the nucleus. The nucleus
was referred to as the cell center. If the nucleus is removed
from a cell, the cell can live only a short time. For example,
human red blood cells begin life in bone marrow, where they
have nuclei. Before they are released into the bloodstream to
serve as oxygen and carbon dioxide carriers, they lose their
nuclei. As a consequence, red blood cells are able to function
only for about 120 days before they disintegrate.
When nuclear structures were first identified, it was
noted that certain dyes stained some parts more than others.
The parts that stained more heavily were called chromatin,
which means colored material. Chromatin is composed of
long molecules of deoxyribonucleic acid (DNA) in association with proteins. These DNA molecules contain the genetic
information for the cell, the blueprints for its construction
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and maintenance. Chromatin is loosely
organized DNA in the nucleus. When the
chromatin is tightly coiled into shorter,
denser structures, we call them chromosomes
(chromo = color; some = body). Chromatin
and chromosomes are really the same molecules but differ in structural arrangement.
In addition to chromosomes, the nucleus
may also contain one, two, or several nucleoli. A nucleolus is the site of ribosome manufacture. Nucleoli are composed of specific
granules and fibers in association with the
cell’s DNA used in the manufacture of ribosomes. These regions, together with the
completed or partially completed ribosomes, are called nucleoli.
The final component of the nucleus is
its liquid matrix called the nucleoplasm. It is
a colloidal mixture composed of water and
the molecules used in the construction of
ribosomes, nucleic acids, and other nuclear
material (figure 4.20).

Nuclear
membrane

Nuclear pore

Nucleolus

Chromosomal
material

4.8 Major Cell Types
Not all of the cellular organelles we have
just described are located in every cell.
Some cells typically have combinations of
organelles that differ from others. For
example, some cells have nuclear membrane, mitochondria, chloroplasts, ER, and
Golgi; others have mitochondria, centrioles,
Golgi, ER, and nuclear membrane. Other cells are even more
simple and lack the complex membranous organelles
described in this chapter. Because of this fact, biologists have
been able to classify cells into two major types: prokaryotic
and eukaryotic (figure 4.21).

The Prokaryotic Cell Structure
Prokaryotic cells, the bacteria and archaea, do not have a
typical nucleus bound by a nuclear membrane, nor do they
contain mitochondria, chloroplasts, Golgi, or extensive networks of ER. However, prokaryotic cells contain DNA and
enzymes and are able to reproduce and engage in metabolism. They perform all of the basic functions of living things
with fewer and more simple organelles. As yet, members of
the Archaea are of little concern to the medical profession
because none have been identified as disease-causing. They
are typically found growing in extreme environments where
the pH, salt concentration, or temperatures make it impossible for most other organisms to survive. The other prokaryotic cells are called bacteria and about 5% cause diseases
such as tuberculosis, strep throat, gonorrhea, and acne.
Other prokaryotic cells are responsible for the decay and

Figure 4.20
The Nucleus
One of the two major regions of protoplasm, the nucleus has its
own complex structure. It is bounded by two layers of membrane
that separate it from the cytoplasm. Inside the nucleus are the
nucleoli, chromosomes or chromatin material composed of DNA
and protein, and the liquid matrix (nucleoplasm). Magnification is
about 20,000 times.

decomposition of dead organisms. Although some bacteria
have a type of green photosynthetic pigment and carry on
photosynthesis, they do so without chloroplasts and use different chemical reactions.
One significant difference between prokaryotic and
eukaryotic cells is in the chemical makeup of their ribosomes. The ribosomes of prokaryotic cells contain different
proteins than those found in eukaryotic cells. Prokaryotic
ribosomes are also smaller. This discovery was important to
medicine because many cellular forms of life that cause common diseases are bacterial. As soon as differences in the ribosomes were noted, researchers began to look for ways in

Examples:
protozoans such
as Amoeba and
Paramecium and algae
such as Chlamydomonas
and Euglena

Unicellular microbes;
typically associated with
extreme environments
including low pH, high
salinity, and extreme
temperatures

Examples:
Methanococcus,
halophiles, and
Thermococcus

Unicellular microbes;
typically associated with
bacterial "diseases," but
90%–95% are ecologically important and not
pathogens

Examples:
Gram-positive bacteria
such as Steptococcus
pneumonia and Gramnegative bacteria such
as E. coli

Multicellular organisms
with division of labor into
complex tissues; no cell
wall present; acquire food
from the environment;
some are parasites

Examples:
worms, insects, starfish,
frogs, reptiles, birds, and
mammals

Examples:
moss, ferns, conebearing trees, and
flowering plants

Kingdom Animalia

Multicellular organisms;
cells supported by a rigid
cell wall of cellulose;
some cells have chloroplasts; complex
arrangement into tissues

Kingdom Plantae

4. Cell Structure and
Function

Cell Types and the Major Groups of Organisms
The two types of cells (prokaryotic and eukaryotic) are described in relationship to the major patterns found in all living things, the kingdoms of life. Note the
similarities of all kingdoms and the subtle differences among them.

Examples:
yeast such as bakers
yeast, molds such as
Penicillium; morels,
mushrooms, and rusts

Multicellular organisms
or loose colonial
arrangements of cells;
organism is a row or
filament of cells; decay
fungi and parasites

Kingdom Fungi

Domain
Eucarya
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Figure 4.21

Unicellular microbes;
some in colonies; both
photosynthetic and
heterotropic nutrition; a
few are parasites

Kingdoms Euryarchaeota,
Korarchaeota,
Krenarchaeota

Kingdoms
not specified
Kingdom Protista

Domain
Archaea

Eukaryotic Cells
Cells larger than prokaryotic cells; DNA found within nucleus with a membrane separating it from the cytoplasm;
many complex organelles composed of many structures including phospholipid bilayer membranes

Domain
Eubacteria

Prokaryotic Cells
Characterized by few membranous organelles; DNA not
separated from the cytoplasm by a membrane
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Table 4.2
Adhesive
fimbriae

Slime capsule
layer

COMPARISON OF GENERAL PLANT AND ANIMAL CELL
STRUCTURE
Plant Cells

Cell membrane

Animal Cells

CELL WALL
Cell membrane

Cell membrane

Cell wall

Cytoplasm

Cytoplasm

Ribosomes

Nucleus

Nucleus

Mitochondria

Mitochondria

CHLOROPLASTS

CENTRIOLE

Golgi apparatus

Golgi apparatus

Endoplasmic reticulum

Endoplasmic reticulum

Lysosomes

Lysosomes

Vacuoles/vesicles

Vacuoles/vesicles

Ribosomes

Ribosomes

Nucleolus

Nucleolus

Inclusions

Inclusions

Cytoskeleton

Cytoskeleton

DNA

Granule

Flagellum
(a)

Figure 4.22
Prokaryotic Cell
All bacteria are prokaryotic cells. While smaller and less complex,
each is capable of surviving on its own. Most bacteria are involved
with decay and decomposition, but a small percentage are
pathogens responsible for disease such as strep throat, TB, syphilis,
and gas gangrene. The cell illustrated here is a bacillus because
it has a rod shape.

otes. Most bacteria are either rods (bacilli), spherical (cocci),
or curved (spirilla). The genetic material within the cytoplasm is DNA in the form of a loop.
which to interfere with the prokaryotic ribosome’s function
but not interfere with the ribosomes of eukaryotic cells.
Antibiotics, such as streptomycin, are the result of this
research. This drug combines with prokaryotic ribosomes
and causes the death of the prokaryote by preventing the
production of proteins essential to its survival. Because
eukaryotic ribosomes differ from prokaryotic ribosomes,
streptomycin does not interfere with the normal function of
ribosomes in human cells.
Most prokaryotic cells are surrounded by a capsule or
slime layer that can be composed of a variety of compounds
(figure 4.22). In certain bacteria this layer is responsible for
their ability to stick to surfaces (including host cells) and to
resist phagocytosis. Many bacteria also have fimbriae, hairlike protein structures, which help the cell stick to objects.
Those with flagella are capable of propelling themselves
through the environment. Below the capsule is the rigid cell
wall comprised of a unique protein/carbohydrate complex
called peptidoglycan. This provides the cell with the strength to
resist osmotic pressure changes and gives the cell shape. Just
beneath the wall is the cell membrane. Thinner and with a
slightly different chemical composition from eukaryotes, it carries out the same functions as the cell membranes in eukary-

The Eukaryotic Cell Structure
Eukaryotic cells contain a true nucleus and most of the membranous organelles described earlier. Eukaryotic organisms
can be further divided into several categories or domains
based on the specific combination of organelles they contain.
The cells of plants, fungi, protozoa and algae, and animals
are all eukaryotic. The most obvious characteristic that sets
the plants and algae apart from other organisms is their green
color, which indicates that the cells contain chlorophyll.
Chlorophyll is necessary for the process of photosynthesis—
the conversion of light energy into chemical-bond energy in
food molecules. These cells, then, are different from the other
cells in that they contain chloroplasts in their cytoplasm.
Another distinguishing characteristic of plants and algae is
the presence of cellulose in their cell walls (table 4.2).
The group of organisms that has a cell wall but lacks
chlorophyll in chloroplasts is collectively known as fungi.
They were previously thought to be either plants that had
lost their ability to make their own food or animals that had
developed cell walls. Organisms that belong in this category
of eukaryotic cells include yeasts, molds, mushrooms, and
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Table 4.3
COMPARISON OF THE STRUCTURE AND FUNCTION OF THE CELLULAR ORGANELLES
Organelle

Type of Cell in Which Located

Structure

Function

Plasma membrane

Prokaryotic and eukaryotic

Membranous; typical membrane structure; phospholipid and protein present

Controls passage of some materials
to and from the environment of
the cell

Inclusions
(granules)

Prokaryotic and eukaryotic

Nonmembranous; variable

May have a variety of functions

Chromatin material

Prokaryotic and eukaryotic

Nonmembranous; composed of DNA and
proteins (histones in eukaryotes and HU
proteins in prokaryotes)

Contain the hereditary information
that the cell uses in its day-to-day
life and pass it on to the next generation of cells

Ribosomes

Prokaryotic and eukaryotic

Nonmembranous; protein and RNA
structure

Site of protein synthesis

Microtubules,
microfilaments,
and intermediate
filaments

Eukaryotic

Nonmembranous; strands composed
of protein

Provide structural support and allow
for movement

Nuclear membrane

Eukaryotic

Membranous; double membrane formed
into a single container of nucleoplasm
and nucleic acids

Separates the nucleus from the
cytoplasm

Nuceolus

Eukaryotic

Nonmembranous; group of RNA molecules and DNA located in the nucleus

Site of ribosome manufacture
and storage

Endoplasmic
reticulum

Eukaryotic

Membranous; folds of membrane forming sheets and canals

Surface for chemical reactions and
intracellular transport system

Golgi apparatus

Eukaryotic

Membranous; stack of single
membrane sacs

Associated with the production of
secretions and enzyme activation

Vacuoles and
vesicles

Eukaryotic

Membranous; microscopic single
membranous sacs

Containers of materials

Peroxisomes

Eukaryotic

Membranous; submicroscopic
membrane-enclosed vesicle

Release enzymes to break down
hydrogen peroxide

Lysosomes

Eukaryotic

Membranous; submicroscopic
membrane-enclosed vesicle

Isolate very strong enzymes from
the rest of the cell

Mitochondria

Eukaryotic

Membranous; double membranous
organelle: large membrane folded inside
a smaller membrane

Associated with the release of
energy from food; site of aerobic
cellular respiration

Chloroplasts

Eukaryotic

Membranous; double membranous
organelle: large membrane folded inside
a smaller membrane (grana)

Associated with the capture of light
of energy and synthesis of carbohydrate molecules: site of photosynthesis

Centriole

Eukaryotic

Two clusters of nine microtubules

Associated with cell division

Contractile vacuole

Eukaryotic

Membranous; single-membrane
container

Expels excess water

Cilia and flagella

Eukaryotic and prokaryotic

Nonmembranous; prokaryotes composed
of single type of protein arranged in a
fiber that is anchored into the cell wall
and membrane; 9 + 2 tubulin protein in
eukaryotes

Flagellar movement in prokaryotic
type rotate; ciliary and flagellar
movement in eukaryotic type seen
as waving or twisting
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the fungi that cause such human diseases as athlete’s foot,
jungle rot, and ringworm. Now we have come to recognize
this group as different enough from plants and animals to
place them in a separate kingdom.
Eukaryotic organisms that lack cell walls and cannot
photosynthesize are placed in separate groups. Organisms
that consist of only one cell are called protozoans—examples
are Amoeba and Paramecium. They have all the cellular
organelles described in this chapter except the chloroplast;
therefore, protozoans must consume food as do the fungi
and the multicellular animals.
Although the differences in these groups of organisms
may seem to set them worlds apart, their similarity in cellular structure is one of the central themes unifying the field of
biology. One can obtain a better understanding of how cells
operate in general by studying specific examples. Because the
organelles have the same general structure and function
regardless of the kind of cell in which they are found, we can
learn more about how mitochondria function in plants by
studying how mitochondria function in animals. There is a
commonality among all living things with regard to their cellular structure and function.

SUMMARY
The concept of the cell has developed over a number of years. Initially, only two regions, the cytoplasm and the nucleus, could be
identified. At present, numerous organelles are recognized as essential components of both prokaryotic and eukaryotic cell types. The
structure and function of some of these organelles are compared in
table 4.3. This table also indicates whether the organelle is unique
to prokaryotic or eukaryotic cells or found in both.
The cell is the common unit of life. We study individual cells
and their structures to understand how they function as individual
living organisms and as parts of many-celled beings. Knowing how
prokaryotic and eukaryotic cell types resemble each other or differ
from each other helps physicians control some organisms dangerous to humans.

THINKING CRITICALLY
A primitive type of cell consists of a membrane and a few other cell
organelles. This protobiont lives in a sea that contains three major
kinds of molecules with the following characteristics:
X
Inorganic
High concentration
outside cell
Essential to life
of cell
Small and can pass
through the
membrane

Y
Organic
High concentration
inside cell
Essential to life
of cell
Large and cannot
pass through the
membrane

Z
Organic
High concentration
inside cell
Poisonous to
the cell
Small and can pass
through the
membrane

With this information and your background in cell structure
and function, osmosis, diffusion, and active transport, decide
whether this protobiont will continue to live in this sea, and explain
why or why not.

CONCEPT MAP TERMINOLOGY
Construct a concept map to show relationships among the following concepts.
aerobic cellular respiration
carbon dioxide
chloroplast
facilitated diffusion
mitochondrion

osmosis
oxygen
sugar
water

KEY TERMS
active transport
aerobic cellular respiration
antibiotics
cell
cell membrane
cell wall
cellular membranes
centriole
chlorophyll
chloroplast
chromatin
chromosomes
cilia
concentration gradient
cristae
cytoplasm
cytoskeleton
diffusion
diffusion gradient
domain
dynamic equilibrium
endoplasmic reticulum (ER)
eukaryotic cells
facilitated diffusion
flagella
fluid-mosaic model
Golgi apparatus
grana
granules
hydrophilic
hydrophobic

hypertonic
hypotonic
inclusions
intermediate filaments
isotonic
lysosome
microfilaments
microscope
microtubules
mitochondrion
net movement
nuclear membrane
nucleoli (singular, nucleolus)
nucleoplasm
nucleus
organelles
osmosis
peroxisome
phagocytosis
photosynthesis
pinocytosis
plasma membrane
prokaryotic cells
protoplasm
ribosomes
selectively permeable
stroma
thylakoid
vacuole
vesicles
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Questions
1. Describe how the concept of the cell has changed over
the past 200 years.
2. Define cytoplasm.

Media Resources
Quick Overview
• The simplest unit of life

Key Points
• The cell theory

4.2 Cell Membranes

3. What are the differences between the cell and the cell
membrane?

Quick Overview
• Chemical boundaries

Key Points
• Cell membranes

4.3 Getting Through
Membranes

4. What three methods allow the exchange of molecules
between cells and their surroundings?
5. How do diffusion, facilitated diffusion, osmosis, and
active transport differ?
6. Why does putting salt on meat preserve it from spoilage
by bacteria?

Quick Overview
• Boundaries create new problems

Key Points
• Getting through membranes

Animations and Review
• Osmosis
• Facilitated diffusion
• Active transport

Experience This!
• Diffusion, osmosis, or active
transport?

4.4 Cell Size

7. On the basis of surface area-to-volume ratio, why do
cells tend to remain small?

Quick Overview
• Why are cells small?

Key Points
• Cell size

4.5 Organelles Composed
of Membranes

8. Make a list of the membranous organelles of a eukaryotic cell and describe the function of each.
9. Define the following terms: stroma, grana, and cristae.

Quick Overview
• Partitioning the cell

Key Points
• Organelles composed of membranes

Interactive Concept Maps
• Text concept map

4.6 Nonmembranous
Organelles

10. Make a list of the nonmembranous organelles of the
cell and describe their function.

Quick Overview
• More organelles

Key Points
• Nonmembranous organelles

4.7 Nuclear Components

11. Define the following terms: chromosome
and chromatin.

Quick Overview
• Genetic archives

Key Points
• Nuclear components

4.8 Major Cell Types

12. Diagram a eukaryotic and a prokaryotic cell and show
where proteins, nucleic acids, carbohydrates, and lipids
are located.

Quick Overview
• Prokaryotic and eukaryotic cells

Key Points
• Major cell types

Labeling Exercises
• Animal cell

Review Questions
• Cell structure and function

